In the central part of the semi-arid Dargol Basin of southwestern Niger, most of the groundwater resource is contained in the fractured aquifers of the Precambrian basement. The groundwater resource is poorly characterized and this study is the first attempt to better describe the recharge mechanisms and hydrogeochemical behaviour of the aquifers. Hydrogeochemical and piezometric methods were combined to determine changes in recharge rate and origin of groundwaters for the shallow weathered aquifer and the deep fissured/fractured aquifer. At the basin scale, the groundwater fluxes towards the Niger River are influenced mainly by topography, with no visual long-term trend in groundwater levels . The hydro-geochemical signature is dominated by the calcic-bicarbonate to magnesian (70%) type. It shows evolution from an open environment with CO 2 and low mineralized water (granitoids, alterites) towards a more confined environment with more mineralized waters (schists). Stable water isotopes (δ , close to the one determined for groundwater samples dating to the early 1980s, thus indicating no measurable long-term change.
Introduction
Since the 1970s, the Sahelian regions of West Africa have experienced climatic variability marked by recurrent droughts (Nicholson 2001; L'Hôte et al. 2002; Sagna et al. 2015) . These drought periods are remarkable for their duration at the global scale, and characterized by a reduction of about 20% in precipitation (Taylor et al. 2002; Panthou et al. 2014) . In the This article is part of the topical collection BDetermining groundwater sustainability from long-term piezometry in Sub-Saharan AfricaÊ lectronic supplementary material The online version of this article (https://doi.org/10.1007/s10040-018-1799-x) contains supplementary material, which is available to authorized users. central Sahel, this has led to a degradation of soil surface conditions and lasting changes in the water balance Séguis et al. 2004; Mahé 2009 ). The high population growth (of about 2-3% year
) and the estimated extension of cultivated areas (5% in 1960 to 14% in 1990) has been associated to a 28% loss of forest cover (Taylor et al. 2002) and have thus accentuated the effect of land clearance on soil crusting (Favreau et al. 2009 ). Hydrological studies have also shown the sustained indirect impact of these anthropogenic pressures on surface waters-for example, their effects are reflected in the increase in river flows despite the recurrence of droughts (Mahé et al. 2003) . As a consequence of intense and persistent climate and environmental disturbances, it is necessary to consider how these changes affect groundwater (Lapworth et al. 2013 , Ibrahim et al. 2014 . In Niger, the impact of these changes has been assessed in unconfined sedimentary aquifers (Leduc et al. , 2008 . Higher piezometric levels observed since the mid-1960s are interpreted as the response to anthropogenic degradations of the vegetation cover, despite the decrease of rainfall (Favreau et al. 2009 .
In the crystalline basement zone, the long-term dynamics of groundwater resources remain unknown. Filippi et al. (1990) showed that in the neighboring crystalline basement region of Burkina Faso, plurimetric groundwater-level fluctuations are caused by the seasonality of rainfall. For a large Sahelian catchment (20,000 km 2 ) in Burkina-Faso, a clear link has been established (Mahé 2009 ) between the degradation of soil surface characteristics and an increase in Hortonian surface water flows. In the basement area of northeastern Mali, Gardelle et al. (2010) observed an increase in pond areas which could have an impact on the dynamics of underlying aquifers, if focused recharge occurs similarly to observations made in the sedimentary context of the neighboring Sahelian zones.
Previous research highlights the complexity of hydrogeological studies in semi-arid zones where the different terms of the hydrological balance are particularly sensitive to small environmental changes and where the response of the impacted systems can be counter-intuitive. Despite these difficulties, hydrogeological studies in crystalline basement zones are of primary importance. The uncertainty on water availability is generally more pronounced, since groundwater resources are often smaller in volume and discontinuous in space. In the south-west of Niger, about 40% of the wells drilled in villages have low yield (<0.5m 3 h
−1
). Moreover, 55% of the productive wells are abandoned due to chemical problems, as contaminant concentrations (e.g. nitrate, arsenic, and fluoride) exceed WHO drinking-water standards (Ousmane et al. 2012) . These difficulties of access to drinking water, coupled with the low mean productivity, explain why the region's population is locally affected by severe water shortages during the long dry season. In the semi-arid crystalline basement regions, the main challenge lies in a better hydrogeological characterization in order to better understand the groundwater dynamics, not only in terms of recharge, but also in terms of groundwater quality.
Previous studies carried out in the crystalline area of southwest Niger revealed that recharge occurs following two mechanisms: (1) direct and diffuse recharge in some more permeable zones of the landscape (e.g. sand dunes) and, (2) indirect and punctual recharge in topographical depressions (Ousmane 1988; Girard et al. 1997; Abdou Babaye 2012) where water accumulates during the rainy season. Due to the spatial and temporal variability and the various processes associated with the recharge, estimating the rate of renewal of groundwater is usually challenging in semi-arid areas (De Vries and Simmers 2002) . This complexity is accentuated by the fact that indirect localized recharge is often the dominant recharge mechanism, sometimes at low frequencies (Gaultier 2004; Bajjali 2008) . Quantification of the localized recharge requires accurate and localized information, which, often over the long term, is unavailable. To compensate for the low density of observations, a range of techniques is commonly used to explain the link between the dynamics of the aquifers and climate and environmental changes (Ngounou Ngatcha et al. 2001 , Stadler et al. 2010 , Bouragba et al. 2011 . In arid and semi-arid regions, multiple tracer approaches are preferred to estimate localized recharge, compared to the regional hydrological water budget method for which accurate quantification of this type of recharge remains difficult (De Vries and Simmers 2002; Scanlon et al. 2006) . In complex water-rock-interaction media, isotopes of the water molecule ( Solder et al. 2016; Cook et al. 2017) .
This study applies hydrodynamics data (groundwater levels, surface water levels) and hydrogeochemical data (major ions, water isotopes) that will be combined to specify, over the long term, the spatio-temporal dynamics of groundwater fluxes in the semi-arid southwest of Niger. This will achieve better management of the resource.
Case study

Geographic and climatic context
The study area is located in the south-western part of Niger, between longitudes 0°30′ and 0°50′ east and latitudes 13°45 'and 14°20' north. With an area of 900 km 2 , the study area occupies the central part of the Dargol basin, which is a tributary on the right bank of the Niger River (Fig. 1) . The climate is Sahelian with a rainy season extending from June through September. The extreme daily temperature values observed over the period 1999-2008 range from 15°C (6 am) to 43°C (6 pm), with an annual average of 29°C. The relative humidity of the air shows an annual variation of 18% (March) to 90% (August). The mean annual rainfall at the Tera rainfall station is 409 mm (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , while the mean annual evapotranspiration calculated from the Penman method for the corresponding period is 2,000 mm (i.e. five times the annual rainfall). 25% of precipitation is from high-intensity events (Panthou et al. 2014 ) that produce rapid Hortonian flows (Amani and Nguetora 2002).
The density and orientation of the drainage network is influenced by the topography, the lithology and the tectonic structure of the substratum. Taking its source in Burkina Faso, about 320 m above sea level (m asl), the temporary river Dargol and its main tributary the Tilim flow on the right bank of the Niger river (elevation 198 m asl at the station of Kakassi), about 90 km northwest of Niamey (Fig. 1) . Its flow is linked to rainfall that begins in June and July and ends 3 months later with an average flow of 160 × 10 6 m 3 /year . There is also a chain of temporary pools or artificial water reservoirs, of which only the Téra Dam contains water continuously (available water volume of 7.7 × 10 6 m 3 at its creation in 1981). The relief of the area is relatively flat with isolated hills and fixed sand dunes inherited from more arid periods of the Quaternary. These morphological assemblages are notched by usually dry valleys (koris) which drain water towards depressions (valleys, ponds) during the rainy season. Degraded and sparse vegetation (savanna and steppe) occupies the plateaux, whereas the bottom of the valleys and depressions give way to denser woody vegetation. The rate of local population growth was about 3.9% per year over the period 2001 to 2012, with more than 95% of the population living in rainfed agriculture or extensive livestock farming (INS 2012) .
Geological and hydrogeological context
The bedrock of the study area is formed by a Precambrian basement composed of rocks of the metamorphic belt (green rocks including pyroxenites, amphibolites, epidotites, chloritoschists, metabasalts, metagabbros, greywacke rocks, Fig. 1 ). In some locations, these massifs contain Archean relics (pegmatites, leptynites) (Machens 1973; Dupuis et al. 1991) . Shallow formations made of alterite (5-50 m thick), alluvium and colluvium overlie bedrock formations. At the regional scale, four main fracture orientations constitute the major structural features (Abdou et al. 1998; Affaton et al. 2000; Abdou Babaye 2012) : N20°−N50°; N60°-N90°; N120°-N140°and N350°-N15°.
In crystalline and metamorphic schists environments, aquifers are developed in the shallow weathered formations (alterites and alluvial deposits) and in the fractures/cracks of the deep basement. These two superimposed aquifers can be considered as connected in some areas (Dewandel et al. 2006) . The weathered aquifer is formed by semi-permeable materials with high storage capacity. It covers the upper part of the deep aquifer corresponding to the highly fractured zone due to decompression of the bedrock with high permeability. The lower part of the deep aquifer corresponds to the compact bedrock only affected by fractures of tectonic origin (faults). This deep fractured aquifer is generally confined, whereas, in some locations, it is able to drain the upper horizons. Most fractures therefore contribute to aquifer transmissivity but are considered to have a low storage capacity.
In the study area, the depth to the water table varies according to the topography, the type of aquifer and season. The shallow weathered layers are located in the valleys (alluvium) and the plateaux (alterites). The depths to the water table, as observed in traditional wells dug in alluvial formations, vary from 1 to 10 m. In modern wells, drilled in alterites, the water depth ranges between 15 and 30 m. Upper parts of the aquifer are very reactive to rainfall fluctuations (Ousmane 1988) and can dry up during the dry season leading to recurring problems of water shortage. Deep aquifer parts are, in principle, more promising in terms of productivity and sustainability because of the role played by fractures in the drainage, storage and circulation of groundwater. As a result, these deep aquifers have been the subject of several village water drilling programs to cover the water needs of the population in the crystalline area. Analysis of the data from 140 boreholes ( Fig. 1 ) from these programs allowed for synthesis of the hydrogeological parameters of the study area. The depths of these boreholes vary from 36 to 120 m with an average of 60 m and a standard deviation of 20 m. The best water production flows are generally obtained between 30 and 65 m; 76% of the water is produced in the first 50 m, constituting the upper part of the bedrock (Abdou Babaye 2012) . Beyond this depth, transmissive zones are rare. In granitic rocks, the depth limit to these transmissive zones rarely exceeds 50 m, whereas it can reach 60 m (and even slightly deeper) in green rocks (schists) due to the nature and thickness of their weathering products. Lithological diversity and the various tectonic phases influence the hydrogeological properties of basement aquifers and, of course, their productivity. Analysis of the drilling data reveals that water yields are generally low, ranging from 0.5 to 5 m 3 h ) of 87% compared to about 60% for granitoid rocks.
Methodology
Groundwater level surveys
In the study area, measurements of static groundwater levels date from the drilling operations. Unfortunately, there is no regular and official monitoring of groundwater levels in rural and even urban waterworks. The absence of a piezometric network and the low density of measurement points did not allow drawing a reliable piezometric map. However, measurements (with a centimeter accuracy) of groundwater levels have been carried out in various topographic (basin, slope, plateau) and geological (schists, granites, weathered rocks) contexts in both high and low groundwater-level periods. Groundwater levels were measured, at the beginning of the day before the pumping activities, at 30 points in May 2009 and 40 points in October-November 2009 and in April-May 2010. In addition to these seasonal campaigns, monthly surveys were made from October 2009 through January 2012. Almost all the measurements were undertaken in wells screened in the bedrock fractured aquifer. Only six measurements were made in wells drilled in the superficial layers (alterites and alluvium). All the wells being in operation, the measurements were made very early in the morning (between 5 and 8 am) in order to obtain a measurement in conditions close to the static level. To this recent dataset, about 20 older measurements from the early 1980s have been added to evaluate the long-term dynamics of the groundwater levels.
Groundwater sampling
Forty-five water samples, taken for classical chemical analyses, were taken from shallow wells, boreholes and surface waters. These samples were taken during periods of high (October-December 2009) and low (April-May 2010) groundwater levels. The sampling points were chosen to be representative of the main different geological contexts of the fractured aquifers in the study area. Nevertheless, for the purpose of comparison, three analyses concerned the shallow aquifer, and a surface-water sample was also collected at Tera Dam.
In addition, most of the points sampled during the period of high groundwater level were also sampled for isotopes analyses. Thus, 22 waterworks (20 boreholes and 2 wells) were sampled for oxygen-18/deuterium analyses, and 17 sampled for tritium analyses. 5 of these points are corresponding to those already sampled in the 1980s (Ousmane 1988) . In addition, a surface-water sample (Tera Dam) was taken and analyzed for its water isotope content.
During each sampling survey, physico-chemical parameters (pH, temperature, electrical conductivity) were measured in situ. Measurements and sampling were carried out after at least 30 min of pumping in order to obtain groundwater samples more representative of groundwater in the aquifer.
Chemical and isotope analyses
Chemical analyses (carried out in the HGE-ULiege laboratory) have ionic balance errors varying around ±3%. Analyses (Ca ) were carried out using a Capillary Ion Analysis (C.I.A.) technique. Silica was determined by a Flame Atomic Absorption technique, while carbonate (CO 3 2− ) and bicarbonate (HCO 3 − ) ions were calculated after determination of pH and the complete alkalimetric title. Analyses of the oxygen-18/deuterium pair were carried out by the IDES Laboratory of the University of Paris-Sud (Orsay, France) and those related to tritium in the HYDROISOTOP laboratory in Schweitenkirchen, Germany. The results of the analyses are expressed in δ‰ vs V-SMOW. The analytical errors are respectively ±0.2 δ‰ and ± 2 δ‰ for oxygen-18 and deuterium. For tritium (expressed as a tritium unit, TU), the accuracy is ±0.5 TU with a detection limit of 0.9 TU.
Rainfall data were obtained from the International Atomic Energy Agency (IAEA) network (GNIP 2011), from Niamey/ ORSTOM stations (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) and IRI/Abdou Moumouni University of Niamey in Niger, located at an almost identical (190 m vs 225 m asl) altitude (Ousmane 1988; Girard 1993; Taupin et al. 2002; Guéro 2003; Tremoy et al. 2012) .
Results
Hydrodynamics
The monthly monitoring of the static groundwater piezometric levels shows seasonal fluctuations subsequent to the beginning of the rainy season for all (n = 7) of the wells surveyed, both in the shallow part of the aquifer in the alterites (shallow wells) and in the deep fractured aquifer (boreholes). The water table decreases from the end of October to early November, reaching the lower levels in May (Fig. 2) . From the first weeks of July, a Due to the low amount of data, it is not possible to draw a map with hydraulic head contours; however, main flow directions can be derived from the available data (Fig. 3) .The map of the main groundwater flow directions in the deep aquifer (Fig. 3) , drawn for the high groundwater level periods (October-November 2009), shows a strong influence of the topography. The directions of the groundwater flows are thus quite similar to that of surface waters, and influenced by the directions of the major fractures, north-east, south-east and west-east. Some small piezometric domes are observed in the west, south-west, north and center corresponding probably to preferential infiltration from pools and artificial reservoirs (dam). The lowest groundwater levels are observed in the southeastern part of the basin in the vicinity of the Tilim plain and its confluence with the flood plain of the Dargol River.
Comparison of the groundwater levels from the 1980s to 2009 shows a decrease in about 65% of the boreholes (13 out of 20 boreholes; Fig. 4) , while on the other hand, a significant increase is observed in some boreholes, with no clear spatial pattern observed.
Hydrochemistry
The results of the chemical analyses (synthesis in Table 1 ; full analyses in Table S1 of the electronic supplementary material ESM) reveal that the groundwater is slightly acidic to neutral and characterized by a variable mineralization (ranging from 266 to 1,184 μS/cm). Dam water, sampled in high water conditions (18 December 2009) shows a low mineralization (143 μS/cm). The temperature of the water varies from 29 to 34°C in all the groundwater samples. The highest values could be overestimated due to surface measurements in periods of high atmospheric temperatures.
The deep and shallow aquifers show diversified facies (Fig. 5) . The most represented groundwater facies is the calcium-magnesium bicarbonate facies (70% of the samples) followed by the calcium chloro-sulfate (25%) and sodium bicarbonate (5%). The chloro-sulfate calcium signature reflects the evolution of the anions of the bicarbonate pole towards the chloride-nitrate pole. This evolution is mainly due to an increase in nitrate, and secondarily by the addition of sulphates in the evolution towards a third facies. Chloride-nitrate water is interpreted as a characteristic of a recently recharged aquifer. On the other hand, the evolution of the waters of the bicarbonate calco-magnesian zone towards the bicarbonate sodium domain could be a sign of some aging of the waters due to the cation exchange indices between alkaline earths and alkalies (Diop and Tijani 2008) .
Isotopic signal of the local rainfall
The local meteoric waterline (LMWL), based on Niamey's monthly rainfall (Taupin et al. 2003) , has the following equation (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) , n = 28 and R 2 = 0.97):
The slope of this LMWL (7.7) is lower than that of the World Meteorological Water Line (8). This characteristic is interpreted in the Sahel as the result of slightly evaporated precipitation during rainfall, in accordance with the TU tritium unit, SD standard deviation interpretation of the monitoring of isotope concentrations of atmospheric water vapor in Niamey (Tremoy et al. 2012) . The origin of precipitation is determined from the values of the deuterium excess:
Tritium concentrations in precipitation show a series of peaks following the first nuclear tests in early 1950s. Current tritium concentrations are of 5-10 TU in the precipitation in the northern hemisphere (GNIP 2011). In southwestern Niger, the most recent measurements werẽ 7 TU in 1994 and~4 TU in 2006 Favreau, IRD France, personal communication, 2016) .
The weighted average of the measures, the rainy period number by month, collected in Niger and Burkina Faso between 1998 and 2008 is 5.2 TU (Ousmane 1988; Favreau et al. 2002; Guéro 2003; Yaméogo 2008) . This value represents the isotopic signature of the current rains, and therefore the input function of the hydrological system. Given the half-life of tritium (12.41 years), groundwater infiltrated before the 1950s (average concentration estimated at 5 TU in precipitation) would have in 2009 (sampling date) a tritium concentration of 0.2 TU, therefore lower than the detection threshold.
Isotopes in groundwaters
Stable-isotope compositions of 22 groundwater samples, including two samples from wells dug in alterites, range from −4.5 to +0.9‰ for oxygen-18 and -31 to −0.1‰ for deuterium. The overall mean values and standard deviations are respectively −3.0 and 1.5‰ for oxygen-18 and −19 and 8.2‰ for deuterium. Considering only deep bottom aquifers (17 values), mean values of −3.6 and − 23‰ for oxygen-18 and deuterium respectively are found. δ 18 O levels are 36% higher than −3‰, while 77% have deuterium values lower than −25‰. These results highlight the influence of different lithologies and the different groundwater pathways in the area.
The calculated deuterium excess (d) values for groundwater are less than 10 (Table 1) . This shows that the air masses that generated Niger's precipitation and eventually groundwater recharge originate from the Guinean monsoon, with a marked effect of the re-evaporation of rainfall (Tremoy et al. 2012) .
The isotopic composition of groundwater in arid regions can be considerably modified by evaporation in comparison to isotopic composition of the local precipitation (Clark and Fritz 1997; Favreau et al. 2002) . However, despite high actual 
The 17 points corresponding to the samples taken in the deep aquifers are aligned around line (3) in Fig. 6 (expressed by Eq. 3) with a slope of 7.5, very close to the slope of the line representative of the local precipitation (LMWL). This suggests rapid recharge to the aquifers without marked evaporation effects as shown in Figs. 7, 8, and 9 and confirmed by the computation of the water renewal rate for these aquifers. Three of these boreholes (circled points in Fig. 6 ) deviate from the LMWL and are below the evaporation line (4) in Fig. 6 (expressed by Eq. 4). This deviation from the LMWL could indicate enrichment by the evaporation process from surface water. The position of these boreholes in the interdunary basins and in sandy zones, which are favorable sites for the concentration of runoff water, the infiltration (Aranyossy and Gaye 1992; Ngounou Ngatcha et al. 2001 ) and the evaporation could explain their evaporated intermediate composition.
Contrary to the observations made in the neighboring sedimentary zone , the deeper part of the aquifers seem to be able to hold slightly evaporated waters. Desconnets et al. (1997) show that in the sedimentary zones of the Sahelian regions,~80-90% of the water accumulated in the ponds infiltrate and contribute to the rapid recharge of the aquifers. On the other hand, in the basement area, clayeysandy alterites have an effect on the infiltration rate due to their low permeability.
Five points are aligned with the straight line (4) in Fig. 6 , with a slope of 4.8, indicating an enrichment by evaporation of the surface water that supplies the aquifers by the indirect recharge processes (Abdalla 2009 ). These five points correspond to wells collecting shallow weathered layers and shallow boreholes screened at the interface between the fractured horizon and grainy weathered horizon. This evaporation line (4) intersects the LMWL through a point of coordinates −4.1 and − 23.1‰ corresponding to the mean weighted rainfall composition at the Niamey station. The fact that this point belongs to the evaporation line (2) in Fig. 6 indicates that the waters of the shallow aquifers come from the current rains which have undergone evaporation at the surface or in the first meters of the ground. In semi-arid zones, partial evaporation O) in groundwater. This relationship makes it possible to distinguish deep and confined schist aquifers, from granitic aquifers overlaid by sandy clay weathering products more permeable than those found above the schist formations of water in the first meters of the soil is the basis of isotopic enrichment (Edmunds et al. 2002; Stadler et al. 2010) .
Tritium activity in the bedrock aquifers shows a wide range of values. The concentrations ranged from <0.9 (detection limit) to 5.9 TU, with an average of 3.69 ± 1.22 TU. Generally speaking, 82% of the Liptako basement groundwater samples have tritium levels of ≥3 TU, of which 64% are >4 TU. This implies that bedrock aquifers contain an important part of the waters that were infiltrated recently, i.e. over the past 50 years. Nevertheless, there are two older water samples with low tritium content (<0.9 TU, 1.4 ± 0.6 TU). High nitrate concentration in this part of the aquifer may be inherited from soil nitrogen sources and subsequent leaching occurring during high recharge events (Schiewede et al. 2005; Favreau et al. 2009 ).
Waters with tritium levels close to those of recent precipitation (3-4.7 ± 0.7 TU) are found in both deep and shallow aquifers. These two levels are distinguished according to their oxygen-18 contents which are relatively enriched in the more shallow aquifers. These shallow aquifers can be characterized by an indirect and rapid mode of recharge through the major bed of koris or laterally by evaporated surface waters. Thirteen older groundwater samples, within the limits of the Dargol basin and dating back to the early 1980s (Ousmane 1988) , were also considered for an estimate of long-term changes in the renewal rates based on tritium data.
The diagram of δ
18
O vs 3 H highlights the presence of three groups of water belonging to different periods of recharge (Fig. 10) . Thus, low-tritiated waters (<3 TU) belong to the deeper parts of aquifers characterized by higher oxygen-18 depletion. This older signal could correspond to a recharge during the wetter period of the mid-twentieth century (B12 < 0.9 TU). It may also be interpreted by a slow and diffuse mode of recharge probably induced by rainwater infiltration through the altered zones.
Discussion
Hydrochemical evolution of the groundwater
The hydrogeochemical signature of waters can be used to trace water-aquifer matrix exchanges. An increase in groundwater bicarbonate (and in pH values) results from higher soil CO 2 partial pressure supplied by the infiltration water, assuming there is a closed system in the deeper part of the aquifer. This trend is consistent with the results (see Fig. S1 of the ESM) indicating a positive correlation between HCO 3 and Fig. 9 Equilibrium diagram of albite-montmorillonite-kaolinite-gibbsite (at 25°C) for groundwaters in granitoid, green rocks and alterites , Na + , SO 4 2− cluster revealed that these ions would come from a different process than pollution through the infiltration of recent waters (Abdou Babaye 2012) . The Mg 2+ ion in this group shows that some of the waters with a calco-magnesian bicarbonate facies may be associated to old waters (Fig. 10) .
The relationship between Mg 2+ and δ
18
O clearly discriminates waters of the superficial aquifers from those of the deeper aquifers (Fig. 7) . This relationship makes it possible to distinguish deep and confined schist aquifers, from granitic aquifers overlaid by sandy clay weathering products more permeable than those found above the schist formations. A clear increase in magnesium content with depth can be observed, except for the boreholes drilled in the granite basement. This increase, and the oxygen-18 among the most depleted in the groundwater samples, would then indicate the relationship between the geochemical process of hydrolysis and the more or less intense water-rock interactions.
The saturation index (SI) of calcite and dolomite (Fig. 8 ) and the equilibrium diagram (Fig. 9) show that the hydrodynamic functioning of these systems is influenced by the lithology of the reservoirs (granitoids, schists, alterites). Thus, recent waters (group 1 in Fig. 8) , with a high value of pCO 2 and very negative values of the saturation index (sub-saturation), are found in the wells and boreholes close to the Dargol flood plain. In contrast, waters with a longer residence time (group 3 in Fig. 8 ) are found on the plateau, the dunes or in the schist formations overlaid by a thick weathered layer. For the latter, one can deduce a slower circulation rate of the waters with relatively depleted contents of heavy isotopes (δ 18 O < −4‰) and tritium (<3 TU). The isotopic signature of these waters proves that the diffuse recharge is low and that the water resulting from the indirect recharge (from topographic depression) would takes time (≥ 50 years based on the lower tritium values) before reaching this part of the aquifer. Regarding the geochemical water-rock interaction (Fig. 9) , waters are in the stability domains of kaolinite and montmorillonite. In the equilibrium diagram, this distribution of points is clearly influenced by the lithological nature, or by the distance to the Fig. 11 Geological cross-section (CD axis in Fig. 3 ) indicating the confinement of the deep aquifer under the alterite layer. Corresponding isotopic contents and electrical conductivity (EC) of groundwater measured in boreholes are reported recharge zone. The samples show an evolution from an open environment (groundwater in chemical equilibrium with kaolinite), where groundwaters are less mineralized (granitoid, alterites), towards a confined environment (groundwater more in equilibrium with montmorillonite) as in green rocks with naturally more mineralized waters. Groundwaters are becoming 'older' when passing from the kaolinite equilibrium towards the montmorillonite equilibrium showing confined conditions and probably associated low permeability values. This confinement is mainly related to the thick clayey-sandy alterite layers found in the schists zones, but also to the lowpermeabability filling of some fractures.
Recharge rates and changes in groundwater storage
The annual and interannual fluctuations in groundwater levels and the hydrogeochemical behavior of the aquifers reveal the complexity of recharge processes in this semi-arid zone. The litho-tectonic context of the study area accentuates spatial heterogeneity in the hydraulic properties of aquifers due to the variable nature of the weathering products and the degree of fracturation of the surrounding rocks. Variations in groundwater levels are greater in boreholes located at high elevations (plateaux, dunes, rather remote from koris) than in those located in the immediate vicinity of floodplains of koris or ponds (Ousmane 1988) . In schists or dune areas, the characteristics of the land surface results in low diffuse infiltration. The large thickness of the unsaturated zone, the clogging of the ponds and the low infiltration favor the loss of water by evaporation (Fig. 11) .
These arguments corroborate those suggested by the hydrogeochemical study discussed above. Heavy isotope depletion (δ 18 O < −4‰) and lower tritium content (<3 TU) suggest that the aquifers contain a significant component of older water and that recharge by direct infiltration of rainfall is low. The hypotheses on the rate of water renewal are verified by using a simple analytical model applied in the semi-arid zone (Leduc et al. 2000; Le Gal La Salle et al. 2001; Favreau et al. 2002) where the water renewal rate is high. This model makes it possible to calculate not only renewal rates in 2009 but also possible changes since the early 1980s (Table 2) . Thus, the following equation can be used to calculate the average tritium content in an aquifer in a year i:
where Tr i is the renewal rate of the water in the aquifer, T the half-live of tritium (12.43 years) and Ap i the tritium content in precipitation for the year i.
Given the uncertainties associated with the recharge and tritium concentration in the recharge, and the possible variations in pumping or volume of the aquifer, the only significant variations between 1980 and 1981 and the end of 2009 are observed for the wells Sirfikouara (B19) and Toumbindé B7) with respectively 2 and 3 times the renewal rate. The aquifer remained stable at wells B20 and B21. The proximity of these wells (B19, B20, B21) to the riverbed of the koris and especially the permeability of the shallow weathered materials (sands and granitic sand) facilitate the infiltration of water on the one hand, but also the direct hydraulic relationship between the superficial and deep aquifers on the other hand. This is highlighted on the cross-section AB (Figs. 3 and 12) showing the hydraulic equilibrium between these two superimposed aquifers, contrary to the phenomenon observed in schists formations (cf. Fig. 11 ).
In the Yanga area (B12; Fig. 11 ), an apparent decrease in the renewal rate is observed. The exceptional characteristics of waters sampled in B12 are mainly their high mineralization (>1,100 μS/cm) but also their tritium content below the detection limit (<0.9 TU). These samples also belong to the family of waters close to saturation (cf. Fig. 8 ) corresponding to confined aquifers, with slow transit time leading to a low renewal rate or even no renewal during the years of drought. All these elements suggest that these waters have infiltrated very rapidly in a more humid period and at a lower temperature than that of Table 2 Comparison of tritium content in boreholes in 1980 -1981 (in Ousmane 1988 the current climate. This is consistent with the theory of mixing of water of ancient origin prior to 1954 (Girard et al. 1997) , as suggested by Ousmane (1988) from the activities of 14 C.
The results of the model do not show a clear trend in the evolution of the aquifer renewal rate or in the storage in the aquifer (see Fig. 3 ). Comparison of renewal rates computed on the long-term is appropriate for groundwaters (McDonnell 2017) ; the median value of individual renewal rates of the 1980-1981 data set of groundwater tritium is of 20% per decade, an estimate that can be considered close, considering the high interannual variability in recharge in the Sahel (Favreau et al. 2009) , to the one inferred (13% per decade) from the groundwater sampling and analyses performed in 2009, approximately three decades later.
Recharge conceptual model
Understanding the different recharge processes is an essential step for further assessment of the hydrodynamic functioning of the aquifers. Studies on the recharge mechanisms in arid and semi-arid environments in Africa have shown the importance of the drainage network in this process (Desconnets et al. 1997; Leduc et al. 1996) . Temporary watercourses and endorheic pools can constitute preferential recharge zones. In basement areas, the concordance between the hydrographic network and the main tectonic fractures could enable a preferential infiltration towards the deep basement (Rana 1998) .
The spatial distribution of tritium contents (Fig. 3) shows that the groundwater with high tritium concentrations is located near the koris beds. The tritium content in groundwater also decreases as the distance of the sampling points to the topographic depressions zones increases. Two assumptions could be invoked for explaining the presence of older waters in the upper areas. One could argue that the recharge occurs by direct diffuse percolation of the rain through the variably saturated zone. Its relative low permeability would explain long travel times. This is however unlikely the case considering the large thickness over the saturated zone and the dry conditions favoring evaporation of the infiltrated waters . Moreover, some observations are in contradiction with this hypothesis showing a current isotopic signature despite the thickness and low permeability of the overlying cover (see Fig. 8 ). In the basement area, groundwater flow is generally influenced by the density of fractures, but especially by the deep fractures which constitute the preferential pathways for groundwater. This leads to the second hypothesis, which states that major fractures are the preferential pathways for the rapid drainage of recharge waters. Thus, recent waters are found in boreholes screened in major fractures, while old waters are located in less permeable areas characterized by secondary fractures (Diop and Tijani 2008) . Ousmane (1988) showed that the isotopic contents of the Sahelian basement water generally show a significant heterogeneity since each isolated fracture constitutes a distinct aquifer system recharged locally by vertical infiltration. In the Kobio basin, located about 100 km south-east of Tera (see Fig. 1 ), Girard et al. (1997) Fig. 12 Geological cross-section (AB axis in Fig. 3) showing the direct hydraulic connection between both the shallow and deep aquifers in the granitic zone. Corresponding isotopic contents and EC of groundwater measured in boreholes are reported have highlighted the importance of the fracture network in the recharge process, but also the continuity of the aquifer due to the fracture network density.
The interconnection of fractures and the permeability of filling materials locally determine the continuity of the aquifer (Ball et al. 2010) . However, the boreholes may belong to different hydraulic systems, isolated by fractures filled by clays acting as a low-permeability barrier (Ousmane et al. 1983) . The low tritium (below the detection limit) and low heavy isotope (δ 18 O of −7.4‰) content are related to the litho-structural context and to the recharge mechanism of the upper zones (Girard et al. 1997 ). These were demonstrated by the results of the present study through the isotopic heterogeneity accentuated by the hydraulic discontinuity due to the faults which do not favor the continuity of circulation of water beyond this zone (Ousmane 1988; Nkotagu 1996) . The boreholes (B1, B11) located along the NE-SW major fault where the Tilim River flows show an isotopic homogeneity ( 18 O and 3 H), whereas those located on either side of this fault show different isotopic signatures (see Fig. 8, Fig. 3 ). These very close boreholes capture different fractures, fractures connected to the major fault with recent waters due to rapid and recharge, and secondary fractures with isolated old waters (Diop and Tijani 2008) . The non-connection of the latter with the major fractures and the drainage network give these waters specific isotopic signatures; thus, these fractures can only receive water from vertical infiltration with transit times up to 30-60 years under fallow soils in arid regions (Ibrahim et al. 2014 ). According to Lapworth et al. (2013) , the transit time through the unsaturated zone can reach 100 years in semi-arid regions. This delay may, however be shortened by the low thickness of the unsaturated zone or the high conductivity of fractures (Stadler et al. 2010) leading to a very short transit time.
It should be noted that in basement areas of humid regions, stable-isotope compositions are relatively homogeneous in fractured aquifers due to the high precipitation and water stock in the unsaturated zone (Adiaffi et al. 2009; Lapworth et al. 2013 ). This zone acts as a buffer to homogenize by mixing the successive infiltration waters and minimize the chemical heterogeneity in the saturated zone (Lapworth et al. 2013 ). The spatial heterogeneity of the isotopic composition of groundwater in arid and semi-arid regions (Leduc et al. 1996; Le Gal La Salle et al. 2001 ) is due to the spatial and temporal variations of the recharge. In addition, rainfall events from the core of the rainy season (mid-July-mid-September) are known to usually result in more depleted values in their stable isotopic composition (Ousmane 1988; Goni et al. 2001; Taupin et al. 2002 Taupin et al. , 2003 Favreau et al. 2002; Saravana et al. 2009; Massing and Tang 2010) . Processes favoring infiltration during those periods could influence the groundwater isotopic composition.
Impact of vegetation cover and climate variability
Several studies carried out in arid zones have demonstrated the influence of climatic variability and changes in vegetation cover on water resources Favreau et al. 2009; Ibrahim et al. 2014) . In Niger, degradation of vegetation cover and increase in growing areas have resulted in an increase in runoff, despite a decline of about 20% in annual rainfall (Taylor et al. 2002) . Thus, the global runoff coefficient (i.e. ratio between total rainfall and measured total runoff at a discharge point of the considered basin) calculated on the Dargol at Tera has increased from 6.2% (before 1972) to 8.4% over the period from 1972 to 1992. Soil crusting and closure of macropores partly explain the predominance of localized recharge, leading to an increase in groundwater levels in the immediate vicinity of watercourses in the Continental Terminal (CT) aquifer ,~150 km east of the study area. This process could explain the large increase in the groundwater level observed in the boreholes (W1 and B9; Fig. 4 ) localized in topographic depressions. Contrary to the observation made in the sedimentary areas, basement aquifers generally show a piezometric decline since the early 1980s (Fig. 4) . For the Burkina-Faso basement area, Filippi et al. (1990) showed that the decrease in rainfall results in a decrease in groundwater levels. The sensitivity of the aquifers to rainfall fluctuations is due to the rapid mode of recharge through open fractures on the one hand and to the low capacity of soil aquifers to store a lot of water on the other hand. These distributions distinguish them from regional sedimentary aquifers, where renewal rates are usually much lower (< 0.1% year −1 in the CT aquifer in SW Niger; Favreau et al. 2002 ) that can more easily mitigate the effect of climate change.
Conclusion
The combined interpretation of groundwater level and hydrogeochemical data provided new insights into the hydrodynamic functioning and recharge processes of the fissured and weathered aquifers of southwestern Niger. The shallow aquifers of alterites are unconfined, whereas those of the fissured and/or fractured basement are often confined. The degree of confinement of these layers depends on the covering materials that are genetically related by weathering to the type of bedrock. Thus, the permeability of the alteration products of the granitic rocks allows a good interaction (and therefore without confinement) between the superficial and deep aquifers, while on the other hand, the less permeable clayey alteration above the schist aquifers creates confined conditions in these aquifers. The chemical and isotopic data have provided useful information to trace the path followed by infiltration water and their residence time in aquifers. Thus, the origin and the recharge processes, and the transit time of the waters have been specified. The main conclusions drawn from this study can be summarized as follows:
& The distribution of isotopic contents in groundwater shows spatial variations accentuated by the hydraulic discontinuity due to fractures. These variations confirm a relative independence of each fracture in the groundwater circulation. & The recharge of the aquifers follows two distinct mechanisms: a direct recharge from the precipitation that does not undergo significant evaporation for the majority of the boreholes, and an indirect recharge from highly evaporated surface water found in the wells getting water from the alterite or shallow aquifers; & Tritium contents confirm an important component of recent waters, which, given the depth of the screen depths (20-120 m), implies rapid infiltration through fractures or major faults superimposed on the surface drainage network. In the groundwater sector where tritium concentrations are <3 TU, the renewal rate may be lower. The evolution of radioactive decay in the waters of the boreholes sampled at the beginning of the 1980s provides further details on the role of diffuse infiltration in the recharge of the waters but also on the mixing process and changes in the renewal rate, and recharge on a pluri-decennial scale. & The water-rock interaction, through the saturation index and the equilibrium diagrams of the minerals, allowed to estimate the approximate age of the water and to distinguish the parts of the aquifers where the recharge is weak.
This study proves that the aquifer system is well connected to the land surface through the fracture system. In addition to the low hydraulic conductivity and storativity of these aquifers, this means that the aquifers are very sensitive both to drought and pollution. A long drought resulting from climate change could result in dramatic decline in water level and well drying. The potential impact of agricultural and industrial development on groundwater quality is also immediate and huge. As a result, protection against contamination remains a major challenge. Taking into account these two problems is thus of primary importance for the management of these groundwater resources.
